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The crystal structure of rhamnogalacturonase A from Aspergillus
aculeatus: a right-handed parallel b helix
Thomas N Petersen1, Sakari Kauppinen2 and Sine Larsen1*
Background: Pectic substances are the major polysaccharide components of
the middle lamella and primary cell wall of dicotyledonous plants. They consist 
of homogalacturonan ‘smooth’ regions and highly rhamnified ‘hairy’ regions of
rhamnogalacturonan. The backbone in rhamnogalacturonan-I (RG-I), which 
is composed of alternating galacturonic acid and rhamnose residues, is the
substrate for a new class of enzymes known as rhamnogalacturonases
(RGases). RGase A is a novel enzyme implicated in the enzymatic degradation 
of RG-I. 
Results: The structure of RGase A from Aspergillus aculeatus has been solved
by the single isomorphous replacement method including anomalous scattering
(SIRAS method) to 2.0 Å resolution. The enzyme folds into a large right-handed
parallel b helix, with a core composed of 13 turns of b strands. Four parallel
b sheets (PB1, PB1a, PB2 and PB3), formed by the consecutive turns, are
typically separated by a residue in the conformation of a left-handed a helix. As a
consequence of the consecutive turns, 32% of all residues have their sidechains
aligned at the surface or in the interior of the parallel b helix. The aligned
residues at the surface are dominated by threonine, aspartic acid and
asparagine, whereas valine, leucine and isoleucine are most frequently found in
the interior. A very large hydrophobic cavity is found in the interior of the parallel
b helix. The potential active site is a groove, oriented almost perpendicular to the
helical axis, containing a cluster of three aspartic acid residues and one glutamic
acid residue. The enzyme is highly glycosylated; two N-linked and eighteen
O-linked glycosylation sites have been found in the structure.
Conclusions:  Rhamnogalacturonase A from A. aculeatus is the first three-
dimensional structure of an enzyme hydrolyzing glycoside bonds within the
backbone of RG-I. The large groove, which is the potential active site of RGase
A, is also seen in the structures of pectate lyases. Two catalytic aspartic acid
residues, which have been proposed to have a catalytic role, reside in this area
of RGase A. The distance between the aspartic acid residues is consistent with
the inverting mechanism of catalysis. The glycan groups bound to RGase A are
important to the stability of the crystal, as the carbohydrate moiety is involved in
most of the intermolecular hydrogen bonds.
Introduction
The primary cell wall of plants is made up of a complex
network of pectic substances, cellulose and hemicellulose.
Pectic substances consist of long polysaccharide chains
with a backbone composed of homogalacturonan and
rhamnogalacturonan regions. Much work has been devoted
to characterizing the structure of these regions [1,2]. This
has also involved studies of the enzyme that act on these
polysaccharides [3–6]. The interest in the structure and
enzymatic cleavage of pectic substances mainly arises from
the commercial applications of pectin within the food
and health care industries. The enzymes that act on the
‘smooth’ homogalacturonan region have been extensively
studied, whereas those that degrade rhamnogalacturonan,
the highly rhamnified region, have received less atten-
tion. The difficulty in characterizing rhamnogalacturonan
is due to its complexity and the unavailability of enzymes
that specifically degrade the polysaccharide. The major
subgroup of the rhamnogalacturonan region is rhamno-
galacturonan-I (RG-I). The backbone of RG-I is composed
of rhamnose (Rha) and galacturonic acid (GalUA) residues
that are linked into a polymer, which is a repeat of the
dimer unit (1-2)-a-L-Rha(1-4)-a-D-GalUA, as shown in
Figure 1. The C-4 position of Rha serves as the attachment
site for carbohydrate sidechains such as arabinan, galactan
or arabinogalactan [7–9]. Acetyl esters can be present at the
C-2 or C-3 positions of GalUA, and methyl esters can be
present at the carboxyl group [3]. 
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To date, four enzymes are known to cleave glycosyl bonds
within the backbone of RG-I, two endo- and two exo-acting
enzymes. In addition, the enzyme rhamnogalacturonan
acetylesterase (RGAE) has been found to be essential for
the degradation of RG-I. Characterization of the two endo-
acting enzymes rhamnogalacturonase A and B (RGase A
and RGase B) resulted in their respective systematic
names — a-D-galactopyranosyluronide-(1-2)-a-L-
rhamnopyranosyl hydrolase and a-L-rhamnopyranosyl-(1-
4)-a-D-galactopyranosyluronide lyase, respectively [4]. The
two enzymes have a sequence identity of 21% and they
are not immunologically cross-reactive [3]. Both enzymes
require large substrate fragments to be enzymatically active.
The smallest substrate that can be hydrolyzed by RGase A
is a 12-mer of RG-I, which is degraded into a pentamer and
a heptamer [10]. The pentamer is also the major degrada-
tion product when larger RG-I substrates are hydrolyzed.
RGase B requires a 14-mer to be catalytically active [10].
This enzyme cleaves the substrate into a decamer and a
tetramer, with the tetramer being the major product when
larger substrates are degraded [10]. The presence of acetyl
ester groups at the C-2 or the C-3 position of GalUA
hampers the degradation of the substrate by RGase A or
RGase B. It is therefore essential that the acetyl groups are
removed for the hydrolysis to occur. The deacetylation is
catalyzed by the enzyme RGAE [5]; the synergism
between RGAE and one of the two RGases is essential for
complete degradation of RG-I. Two specific exo-acting
enzymes have also been shown to be active on the RG-I
substrate, cleaving off single terminal carbohydrate units
from the substrate. One exo-acting enzyme, rhamnogalac-
turonan a-L-rhamnopyrohydrolase (RG-rhamnohydrolase),
hydrolyzes the terminal rhamnose unit that is a-1,4-linked
to GalUA from the non-reducing end of RG-1 [11], whereas
the other enzyme a-D-rhamnogalacturonan galacturonohy-
drolase cleaves off a single terminal GalUA unit [12].
RGase A is a hydrolase that has been assigned to family 28
of the glycosyl hydrolases. This family includes many
polygalacturonases that hydrolyze a-1,4-linked galactur-
onic acid units with an inversion of configuration of the
anomeric carbon atom. The sequence identity between
RGase A and polygalacturonases from Aspergillus niger has
been shown to be in the range 23–29% [3]. RGase A is
composed of a single polypeptide chain of 422 amino acid
residues. It has a pH optimum of 3.5 and maintains 70%
activity after heating at 60° for two hours [3]. With the
purpose of elucidating the characteristics of RGase A, we
report here the structural investigation of this enzyme
from A. aculeatus. The structure of RGase A presented
here is the first three-dimensional structure of an enzyme
belonging to the polygalacturonase family.
Results and discussion
The overall parallel b-helix structure
The three-dimensional structure of RGase A from
A. aculeatus was solved by the SIRAS method, using three
data sets, measured on crystals soaked with ‘orange plat-
inum’. The structure was refined in X-PLOR [13], using
diffraction data in the range 30–2.0Å resolution to a
R factor of 17.4% and a free R factor of 21.4%. The enzyme
folds into a coiled parallel b-helix structure as seen in the
stereo view Figure 2. The enzyme represents a fairly new
fold, which was first observed in the pectate lyase C (PelC)
structure in 1993 [14]. In the structure of PelC the b helix
is composed of three parallel b sheets, labelled PB1, PB2
and PB3. The same notation has been adopted to describe
the four parallel b sheets PB1, PB1a, PB2 and PB3 in
RGase A. The secondary structure assignment listed in
Table 1 is based on the Kabsch–Sander algorithm, but with
the extra criteria that all residues must have the appropri-
ate (f,ψ) angles as well as being hydrogen bonded. The
additional b sheet (PB1a) in RGase A, compared to the
PelC structure is not a consequence of different criteria in
the secondary structure assignment. The residues in this
area of the PelC structure are in different conformations
and therefore can not be assigned as b strands. 
The core of RGase A is composed almost entirely of par-
allel b strands, which are rather short and separated by
sharp bends. There are 13 complete turns of b strands that
line up to form the four parallel b sheets, PB1, PB1a, PB2
and PB3 (Fig. 3). The average number of residues in the
b strands of the four parallel b sheets are 4.6, 2.6, 4.3 and
4.5, respectively. Most of the b strands are separated by a
single residue in the conformation of a left-handed a helix
(aL conformation) and the majority of these residues, 18 out
of 27, are either an aspartic acid or an asparagine, as seen in
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Figure 1
A trimer of the RG-I substrate. The atoms involved in the two different
glycosidic bonds in RG-I are labelled and further extensions of the
polymer are indicated by R. Red colours denote oxygen atoms,
whereas black colours denote carbon atoms.
C1
C2
GalUA GalUARha
C1
C4
RR
Table 1. The residues in aL conformations are most promi-
nently found between the b sheets PB1a, PB2 and PB3.
The presence of a residue in an aL conformation changes
the direction of the peptide backbone by a 90° rotation.
This is seen as sharp bends in the cross-sectional view of
the molecule (Fig. 3b). Almost all of the residues in the aL
conformation form perfect hydrogen bonds with residues in
the aL conformation on top of and below it. Therefore, a
hydrogen bond criteria for the secondary structure assign-
ment, as implemented in the Kabsch–Sander algorithm,
would result in a few extended b strands making an almost
complete turn around the molecule. It has been calculated
that a perfect circular parallel b helix structure would have
22 residues per turn and a rise per residue of 0.22 Å [15].
The number of residues in a single b helical turn in RGase
A varies from 22 to 29, when residues in loop regions are
excluded. On average, there are 25 residues in a complete
turn, with a mean distance of 4.8Å between consecutive
turns. This gives an average rise per residue of 0.19 Å. 
The interior of RGase A is closely packed with mainly
hydrophobic residues, although there is a rather large
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Figure 2
A stereo view of the Ca trace of RGase A.
The enzyme folds into a coiled parallel b-helix
structure.
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Table 1
b strands in the parallel b helix.
b Sheet
Turn number PB1 aL PB1a aL PB2 aL PB3 aL
1 b1 (20–22)
2 G b2 (51–55) b3 (58–62)
3 b4 (66–69) G b5 (71–72) A b6 (74–79) b7 (80–84)
4 b8 (93–96) D b9 (98–99) D b10 (101–105) b11 (110–113)
5 b12 (130–133) D b13 (135–136) H b14 (138–141) D b15 (143–146) D
6 b16 (153–156) T b17 (158–159) D b18 (161–164) N b19 (166–171)
7 b20 (179–184) N b21 (186–189) D b22 (191–194)
8 b23 (200–203) b24 (205–207) N b25 (209–212) S b26 (214–217) W
9 b27 (222–224) b28 (231–234) D b29 (236–239) N b30 (241–244) S
10 b31 (250–255) b32 (260–262) N b33 (264–267) N b34 (269–272) G
11 b35 (278–281) b36 (296–298) N b37 (300–303) N b38 (305–309)
12 b39 (318–322) b40 (328–329) D b41 (331–334) D b42 (336–340)
13 b43 (348–351) b44 (353–356)
14 b45 (369–375)
The secondary structure assignment is shown for the b strands
involved in each of the turns. The residues in aL conformation, between
the b strands are highlighted in bold. 64% of these residues are either
an aspartate (D) or an asparagine (N). Additional secondary structure
elements not shown in this table are the a helices, a1 (11–19), a2
(36–48) and a3 (116–122).
hydrophobic cavity towards the N terminus of the mol-
ecule. The cavity is ‘empty’ and completely enclosed by
sidechains from the hydrophobic residues Ile40, Ile55,
Val66, Leu68, Ile76, Leu78, Ile82, Ile93, Val95, Phe101,
Leu103, Val112, Ile129, Leu130, Ile143 and Leu145. The
program VOIDOO [16] was employed to calculate the
probe-occupied cavity volume, using a probe radius of
1.3Å, a primary grid spacing of 0.3Å, a grid shrink factor
of 0.9 and 10 cycles of cavity refinement for each of the
five random orientations of the molecule. The average
volume is 181(1)Å3, which is unusually large for an empty
hydrophobic cavity. Normally, cavities are less than 100Å3,
and only once has a larger empty cavity been observed
(215Å3) [17]. The function of the cavity in RGase A is
unknown and whether an enzyme can be stabilized by
filling the ‘empty’ hole by residue modification is an
unsolved problem [17]. The atoms defining the cavity of
RGase A have an average B factor of 14.3Å3, which is
slightly lower than that of the other buried atoms. This 
is in accordance with the general trend for hydrophobic
cavities [18]. The loop regions in RGase A are located at
both sides of the b sheet PB1. This b sheet forms the basis
for a large groove with walls defined by loop regions. A
cross-section of the parallel b helix through the groove is
shown in Figure 3b, where the loop regions are indicated
by L1 and L2. The groove is the potential active site
(discussed below). 
Stabilization of RGase A
One may speculate on the factors that are responsible for
the overall fold and stability of the molecule. These
factors include the perfect mainchain hydrogen-bonding
network, defining the four parallel b sheets, and the
hydrophobic and hydrophilic alignment of the sidechains.
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Figure 3
The right-handed parallel b-helical structure of
RGase A. (a) The three-dimensional structure
of RGase A. The four parallel b sheets, PB1,
PB1a, PB2 and PB3 are shown in yellow,
blue, green and red, respectively. Assignment
of the secondary structure was made using
the Kabsch–Sander algorithm [43], which
was subsequently modified manually to
ensure both (f,ψ)-angles and hydrogen bonds
are correct for a secondary structure element.
(b) A cross-sectional view of the b helix
through the proposed active site. The b sheet
PB2 is flanked on both sides by residues in
the conformation of a left-handed a helix,
which cause a sharp 90° bend of the protein
backbone. The active-site area is defined by
the b sheet PB1 and the loop regions L1 and
L2 at both sides of the sheet.
The aligned sidechains are a consequence of the hydro-
gen-bonding pattern between b strands within a b sheet,
which places Cb atoms from adjacent b strands directly
above each other. The term ‘stacking of sidechains’ is
used if the attached sidechains in neighbouring b strands
are similar/identical and adopt similar conformations. A
total of 135 aligned sidechains are found in the parallel
b helix, which constitute 32% of all the residues in the
molecule. In contrast to the PelC structure, most of the
residues in RGase A are aligned rather than stacked. Only
two short stretches of stacked residues are found — an
aromatic stacking at the surface of the molecule (Phe104,
His141, Tyr164 and His189) and a hydrophobic stacking
in the interior of the molecule (Val140, Val163, Val188 and
Val211). Several rows of aligned residues are found in the
interior and at the surface of the molecule. The distribu-
tion of the different aligned residue sidechains in the inte-
rior and at the surface of the parallel b helix is, residue
(interior, surface): valine (19,1), isoleucine (15,2), leucine
(10,3), phenylalanine (4,1), methionine (3,1), cysteine
(3,0), threonine (3,14), alanine (1,4), tyrosine (1,3), trypto-
phan (1,1), lysine (0,2), arginine (0,3), histidine (0,3), glut-
amine (0,2), glutamate (0,6), serine (0,7), aspartate (0,11)
and asparagine (0,11). It is seen that valine, isoleucine and
leucine residues are by far the most prevalent residues in
the interior, whereas threonine, aspartate and asparagine
residues occur most frequently at the surface of the paral-
lel b helix. Four disulphide bridges exert another stabi-
lizing effect in the structure. The S–S bonds are evenly
distributed within the molecule. One is found at the
N-terminal end, Cys21–Cys47, two in the middle of the
structure, Cys199–Cys216 and Cys322–Cys328, and one at
the C-terminal end Cys350–Cys359. In addition, two free
cysteines are found at the positions 158 and 222. The
disulphide bridge Cys199–Cys216 is located in the area
of the putative active site, possibly to ensure a correct
local folding. 
Three a helices are found towards the N-terminal end of
RGase A, a1 (11–19), a2 (36–48) and a3 (116–122). The
helices a1 and a3 are not a part of the b helical core,
whereas a2 is located as an N-terminal cap, sealing off the
hydrophobic environment in the interior of the parallel
b helix. The element a3 is part of a loop insertion
between turns 4 and 5. The last secondary element in the
b helix, b45 (369–375), is the only antiparallel b strand
present in the structure. This strand is exposed to the
solvent and is heavily glycosylated, as is the preceding
random coil element of 47 residues (476–422) that defines
the C-terminal tail of the molecule. 
Comparison with other right-handed parallel b-helical
structures
The number of known protein structures with a right-
handed parallel b-helix fold is very limited. The first of
these structures to be determined was PelC from Erwinia
chrysanthemi [14]. This was followed by the determination
of two other pectate lyase structures, PelE [19] also from
E. chrysanthemi and BsPel [20] from Bacillus subtilis. The
pectate lyases cleave glycoside bonds within the backbone
of homogalacturonan, a polymer of (1–4) linked a-D-
GalUA residues. The hydrolysis occurs through a b-elimi-
nation mechanism and, in contrast to RGase A, these
enzymes require Ca2+ to be enzymatically active. All the
pectate lyases investigated, have a pH optimum around
8.5, whereas the optimal pH for RGase A is 3.5 [3]. The
b helices in the pectate lyase structures are composed of
6–8 turns of b strands, coiled into three parallel b sheets.
They seem mostly to differ from RGase A with respect to
the size of the parallel b helix and in the size of the loops
protruding from the parallel b helix. Some sidechain inter-
actions in the pectate lyase structures have been classified
as asparagine ladders, serine stacks and aliphatic stacks.
These features of aligned identical sidechains are much
less prominent in RGase A. 
Recently, the structure of the virulence factor P69 per-
tactin was solved and found to fold as a right-handed paral-
lel b helix [21]. P69 is the surface exposed domain of an
outer membrane protein from Bordetella pertusis used in
whooping-cough vaccine. The structure of P69 is com-
posed of 16 complete turns of b strands, making it the
largest known parallel b helix. Another right-handed paral-
lel b helical enzyme is the P22 tailspike protein [22], which
is a homotrimeric structural enzyme, noncovalently bound
to the neck of the virus capsid. The tailspike protein
displays hydrolytic activity towards a(1-3) links in the
O-antigen polysaccharide of Salmonella typhimurium. Like
RGase A, the tailspike protein is composed of 13 turns of
b strands, but it contains only three parallel b sheets. 
All of the known enzymes with the parallel b-helical fold
are involved both in the recognition of large polysaccha-
rides and also, in most of the cases, the cleavage of the
polysaccharide. The large groove of these enzymes, which
appears to be suited for the recognition of large polysaccha-
rides, seems to be an integral part of the parallel b-helical
scaffold. The enzymes have many structural similarities,
despite the differences in their catalytic function, substrate
specificity and optimal pH. The similarities between
RGase A and PelC are especially pronounced. Therefore,
useful information about the important residues in the
active site can be obtained by comparing RGase A to pelC,
which is a member of the extracellular pectate lyase sub-
family [23]. The availablity of the coordinates for the struc-
tures of PelC, PelE and the tailspike protein made it
possible to calculate their root mean square (rms) devia-
tions from RGase A — 2.25Å, 1.95Å and 2.04Å, respec-
tively. The overall fold of the three structures are very
similar to RGase A, as indicated by the low rms deviation.
The rms deviations were calculated using the Lsq_explicit
and Lsq_improve options in O [24].
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The active site
The mapping of the electrostatic potential of RGase A
(Fig. 4) shows the large groove that can accommodate a
12-mer of the substrate rhamnogalacturonan-I, the small-
est entity that can be hydrolyzed by RGase A. Also seen in
Figure 4 is a localized area with an excess of negative
charge (red in this Figure). This area corresponds to a
cluster of four carboxylic acid residues (Asp177, Asp180,
Asp 197 and Glu198), which is the potential catalytic site
in RGase A. A similar negatively charged area found in the
pectate lyase structures (PelC, PelE and BsPel) has also
been proposed to be the catalytic site [20]. The similari-
ties in overall fold, the large groove and the negatively
charged area are interesting, because of the difference in
the catalytic mechanism between lyase and hydrolase. A
superposition of the PelC structure upon the RGase A
structure was therefore performed to identify possible
similarities in their structure and primary sequence. The
structure of PelC has also been aligned with the extracel-
lular pectate lyase subfamily [23], which includes twelve
sequences. Asp 170 (PelC numbering) was completely
conserved throughout the family. The superposition of
RGase and PelC shows that the analogous residue in
RGase A is Asp180. We now assume that Asp180 is one of
the two catalytic residues in RGase A. Most often, two car-
boxylates are found as the catalytic acid and base in a
hydrolase. Two well established mechanisms, the retain-
ing and the inverting mechanism, are known for hydro-
lases [25,26]. In the retaining mechanism, the two catalytic
residues are separated by approximately 5.5Å, in contrast
to the inverting mechanism, in which the carboxy groups
are separated by approximately 10Å [25,26]. RGase A
belongs to family 28 that contains polygalacturonases
known to have an inverting catalytic machinery [27]. By
employment of the distance criteria and an analysis of
the structure, we predict that Asp180 and Asp156 are the
two catalytic residues in RGase A. The distance between
the two residues is 10.1Å (Asp156 Od2–Asp180 Od2),
which is in agreement with the inverting mechanism.
Asp156 is partly conserved within the extracellular pectate
lyase subfamily (Asp136, PelC numbering). The analogy
between the two potential catalytic residues in RGase A
and those in the extracellular pectate lyase subfamily is
not clear, as no enzyme–substrate complexes have been
obtained for either the pectate lyases or RGase A. 
A closeup view of the active site in RGase A (Fig. 5)
shows the important residues that may be involved in the
binding and hydrolysis of the substrate. The pH optimum
for RGase A is 3.5, which is also the pH used in the prepa-
ration of the crystals. The normal pKa value for a car-
boxylic group is around 4.5, which makes it difficult to
determine the ionization state of the four carboxy groups
in the catalytic site. However, the environments around
the negatively charged cluster have been analyzed and we
are able to predict the ionization state of some of the
carboxy groups. The distance between Asp177 Od2 and
Asp180 Od2 is 2.54Å, suggesting a very short and strong
hydrogen bond between the two carboxylate groups. They
are therefore expected to share one negative charge.
Glu198 is hydrogen bonded to the positively charged
Lys253 with a distance of 2.74Å (Glu198 Oε1–Lys253
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Figure 4
Electrostatic potential mapped onto the
surface of RGase A. (a) The active site, with
an excess of negative charge in the centre.
(b) View of the molecule at a 90° rotation to
(a). Red colour corresponds to negative
charge and blue corresponds to positive
charge.
Nz), indicating a deprotonated form of the carboxy group.
Lys203 also points into the potential catalytic site and sta-
bilizes the excess of negative charge. Two cis residues,
Pro205 and Ser226, are found in the vicinity of the cat-
alytic site. Pro205 ensures a sharp bend of the protein
chain and it is therefore important to the topology of the
groove, whereas Ser226 is located in a position suitable for
interaction to a substrate through the Og atom.
Three aromatic residues, Phe151, Trp182 and Trp284, are
also present in the active site. The function of these
residues may be to interact with the hydrophobic side of
the substrate through substrate stacking. These aromatic
residues could be used to identify an enzyme–substrate
complex by fluorescence spectroscopy. Two water mol-
ecules were found buried in the interior of the parallel
b helix. They are strongly bound through hydrogen-bond
interactions, as reflected by their very low B factors of
8.7Å2 and 10.2Å2. They stabilize the back side of the active
site through a network of hydrogen bonds, O1–Val241 O
(2.81Å), O1–Thr243 Og1 (2.75Å), O1–Ile270 O (2.86Å),
O2–Thr243 Og1 (2.80Å), O2–Met249 O (2.74Å) and
O2–Cys222 N (2.83Å), where O1 and O2 are the two water
molecules. The two residues Ile76 and Gly80 are far from
the active site, but were found to be completely conserved
between RGase A and the extracellular pectate lyase sub-
family. It is therefore likely that their function is related to
maintaining the overall fold of the parallel b helix. 
It may be anticipated that the binding of a large sub-
strate like a 12-mer of rhamnogalacturonan-I involves
many residues. Identification of these residues can only
be accomplished once an enzyme–substrate complex is
obtained. An unambiguous determination of the mecha-
nism will require structural studies of a complex, and sub-
sequent NMR studies are necessary to characterize the
enzymatic degradation products. The results so far indi-
cate that Asp180 and Asp156 are the two catalytic residues
and the distance between their carboxy groups is in agree-
ment with the inverting mechanism. 
Carbohydrate structure
A previously determined mass spectrum of RGase A [28]
revealed that the recombinant enzyme contains covalently
bound carbohydrate, corresponding to a mass of 5.9 kDa.
The mass spectrum also indicated a very homogeneous
enzyme–carbohydrate composition, based on the sharp-
ness of the peak. The high degree of glycosylation made
the enzyme very soluble, which was taken into account
during the crystallization of the enzyme. An enzyme con-
centration of 44OD280 was necessary for the crystals to
appear [28]. 
It has long been an accepted dogma that highly glyco-
sylated enzymes can be difficult to crystallize. It was
therefore interesting that 75% of the actual amount of
carbohydrate, or 4.4kDa, could be identified in the
electron-density map and fitted into the model of RGase
A. The model comprises two N-linked and eighteen
O-linked glycosylation sites. A search for crystal struc-
tures with a similar high degree of O-linked glycosylation
revealed glucoamylase from Aspergillus awamori as the
protein with the largest amount [29]. It contains two large
N-glycan trees and ten O-linked glycosylation sites mono-
substituted with mannose. The eighteen O-linked glyco-
sylation sites in RGase A therefore represent the largest
amount of O-linked glycosylation seen in any crystallized
enzyme. The space filling model of the enzyme with the
glycosylation sites is shown in Figure 6. 
Glycosylated residues in RGase A
Two N-glycans are linked to the residues Asn32 and
Asn299, which represent two of the three potential N-gly-
cosylation sites. The entire trimannosyl core, Mana1-
6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAc, is seen at the
Asn32 site, whereas the electron density of the two ter-
minal mannoses was unresolved for the Asn299 site. A
crystal packing study has shown that the carbohydrate
tree linked to Asn299 points into the solvent channels,
whereas the carbohydrate at the Asn32 site (Man O2) is in
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Figure 5
The potential active-site residues of RGase A. Carbon atoms are
coloured yellow for hydrophobic residues, green for the two cis
residues and the remaining carbon atoms are coloured black. Oxygen
and nitrogen atoms are shown in red and blue, respectively. Asp180
and Asp156 are the two potential catalytic residues. The program
MOLSCRIPT [44] was used to prepare the figure.
D197
D177
W182
D156
E198
P205
D180K253
W284
S226
K203
F151
contact with an O-linked glycosylation site (Thr376–Man
O6), with a distance between them of 3.06 Å, which
explains that this glycan tree is better resolved in the elec-
tron density. 
The two N-glycan trees in RGase A are of the high-
mannose-type sugar chain that has a common glycan core:
Mana1-6(Mana1-3)Mana1-6(Mana1-3(Mana1-2))Manb1-
4GlcNAcb1-4GlcNAc [30]. Given that the two N-glycan
trees both have the common N-glycan core, eight man-
noses are unresolved in the electron density. This corre-
sponds in weight to 1.3kDa, which is almost the additional
mass needed to obtain that deduced from the experimen-
tal mass spectrum [28]. 
All eighteen O-linked glycosylation sites are monosubsti-
tuted mannose sites located at the C-terminal tail of the
molecule (residues 367–422), which is in close contact to
the core of the molecule. The C-terminal tail is at the
opposite side of the active site from the proposed catalytic
residues, as seen in Figure 6. The carbohydrate is there-
fore not expected to have any catalytic function. It seems
likely, however, that the random coil element (residues
376–422) is protected from proteolytic degradation by the
extensive glycosylation. 
The crystal packing within the RGase A structure (Fig.
7) shows the importance of the mannose residues at 
the O-linked glycosylation sites. The intermolecular
interactions involve mostly these carbohydrates and only
two protein–protein interactions are found, Arg128
NH1–Asp230 Od2 (2.99Å) and Ala121 O–Arg315 NH1
(2.83Å). The molecules pack tail-to-tail in the direction of
the a axis, which is the longest dimension of the rod-
shaped crystal. Hydrogen-bond interactions between car-
bohydrate moieties involve the mannoses that are linked
to the residues 367–376, which includes the last sec-
ondary structural element — the antiparallel b strand. The
hydrogen bonds are Ser368-Man O2–Thr367-Man O6
(3.47Å) and Ser368-Man O4–Ser368-Man O4 (2.85Å) and
Thr374-Man O6–Thr371-Man O6 (3.08Å) and Thr372-
Man O2–Thr371-Man O4. Mannose–protein hydrogen
bonds are found in the C-terminal random coil element —
Ser380-Man O6–Asp31 O (3.43Å), Thr398-Man O6–Asn331
Nd2 (3.47Å) and Ser409-Man O4–Tyr54 OH (2.78Å).
These interactions are found in the bc plane of the crystal.
The bound carbohydrate seems very important to the
packing of the protein molecules in the crystal. A hetero-
geneity in the glycosylation would most likely disfavor the
crystal packing and growth, and it might therefore be a
limiting factor in the preparation of crystals suitable for
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Figure 6
A CPK space-filling model of RGase A, with
the C-terminal tail shown in blue and the rest
of the molecule shown in purple. All the
O-linked glycosylation sites are located at 
the C-terminal tail. Mannose carbon atoms 
are shown in yellow, while the few 
N-acetylglucosamine carbons that can be
seen are in grey. Carbohydrate oxygens are in
red. The a(1-4)-linked mannoses are linked to
threonine residues: 367, 370, 371, 372, 374,
376, 385, 386, 398, 405 and 408, and serine
residues 368, 373, 380, 383, 400, 409 and
418. The N-linked glycosylation is found at
Asn32 with the glycan tree: Mana1-6(Mana1-
3)Manb1-4GlcNAcb1-4GlcNAc and at
Asn299: Manb1-4GlcNAcb1-4GlcNAc. 
X-ray diffraction studies. We believe that the dogma about
the difficulties in crystallizing glycosylated enzymes is
strongly correlated to the heterogeneity in the enzyme–
carbohydrate composition. 
Biological implications
Pectic substances, in part, make up the complex network
of carbohydrates that form the primary cell wall of
plants. Pectic substances are composed of long poly-
saccharide chains, with a backbone composed of homo-
galacturonan (smooth) and rhamnogalacturonan (hairy)
regions. The biological degradation of plant cell wall
pectic polysaccharides is a complex process involving
several enzymes produced by a wide variety of sapro-
phytic and plant pathogenic fungi and bacteria [31]. An
expanding inventory of purified pectinolytic enzymes that
are active on homogalacturonan, along with a number of
cloned enzymes, has significantly improved our under-
standing of the structure and degradation of plant cell
wall pectin [31–36].
Rhamnogalacturonase A (RGase A) belongs to family
28 of the glycosyl hydrolases and represents a new class
of enzymes implicated in the enzymatic degradation
of the rhamnogalacturonan-I (RG-I) backbone in the
pectic hairy regions. Other members of the class include
an a-L-rhamnopyranohydrolase [11], a rhamnogalactur-
onan acetylesterase [5] and rhamnogalacturonase B [3],
all described from the filamentous fungus A. aculeatus.
It is highly likely, however, that new members of
the family will be found in many plant pathogenic and
saprophytic fungi, due to the abundance of rhamno-
galacturonan in nature. With the goal of elucidating the
role of RGase A in the enzymatic hydrolysis of RG-I,
as well as understanding the molecular mechanisms
involved in the cleavage of the glycosyl bonds, we have
determined the three-dimensional structure of RGase A
at 2.0Å resolution. The structure of RGase A described
in this study is the first structure of a rhamnogalacturo-
nan degrading enzyme. This structure provides a useful
basis for modeling of other RGases and engineering 
of RGase A with improved or altered functions. In
turn, this may prove important in the biological degra-
dation of pectin-containing plant material, with a view
to the utilization of this process in the food and health
care industries. 
RGase A folds into a large right-handed parallel b helix
and the core of the molecule is composed of thirteen
turns of b strands. Interestingly, the structure is similar
to those of pectate lyase C (PelC) [14], pectate lyase E
[19], both from E. chrysanthemi, and the BsPel from
B. subtilis [20]. A strikingly similar structure is the P22
tailspike protein [21] that hydrolyzes the a-1,3-glyco-
sidic linkage between rhamnose and galactose of the
S. typhimurium O-antigen. These findings may reflect
structural similarities between RG-I, homogalacturo-
nan and O-antigen, and suggest that the enzymes share
common features in the binding of the carbohydrate
substrates. 
RGase A is a hydrolase; its mechanism of catalysis
most probably proceeds by inversion of the configura-
tion of the anomeric carbon atom. The active site in
RGase A must be able to accommodate a 12-mer of
RG- I, which is the smallest substrate hydrolyzed by
the enzyme [10]. The potential catalytic site is mainly
negatively charged, due to a cluster of four carboxylic
acid residues — Asp177, Asp180, Asp197 and Glu198.
Superposition of the PelC and RGase A structures and
a sequence alignment of PelC to the pectate lyase sub-
family show Asp180 to be completely conserved, indi-
cating that this residue may be involved in the
catalysis. Furthermore, Asp156 is partly conserved
and located within 10.1 Å of Asp180, which is in agree-
ment with the distance criterion for the inverting mech-
anism. This working hypothesis provides an essential
basis for further modeling and mutational analyses of
the active site and enzyme–substrate interactions in
RGase A. 
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Figure 7
The crystal packing of the RGase A structure shows the Ca atoms of
the enzyme in green and all the carbohydrate atoms in yellow, red and
blue for carbon, oxygen and nitrogen atoms, respectively. The packing
is seen along the a axis. Most of the mannose residues at the O-linked
glycosylation sites form a carbohydrate interface with symmetry related
molecules in the direction along the y axis. The N-glycan tree at the
Asn299 site points into the solvent channels, explaining the less well
resolved electron density than is seen with the other N-glycan tree
linked to Asn32.
Materials and methods
Crystallization and data collection
The overexpression and purification of recombinant RGase A from
A. aculeatus has been reported previously [3]. The crystallization pro-
tocol has also been undertaken before [28]. It was not possible to
resolve the space group ambiguity I212121/I222 before heavy-atom
derivative data sets were collected. The enzyme crystallizes in space
group I222 with one molecule in the asymmetric unit and cell parame-
ters a = 62.9 Å, b = 125.4 Å and c = 137.0 Å. Preparation of heavy-atom
derivatives was done by conventional soaking experiments. Three deriv-
ative data sets were collected using the same platinum(II) compound,
chloro(2,2′:6′,2′′-terpyridine)platinum(II)chloride, normally referred to as
‘orange platinum’. There were, however, minor differences in the heavy-
atom concentration and in the soaking time for the three data sets, as
seen in Table 2. The completeness of the first derivative data set was
rather low, due to radiation damage and the associated decay in inten-
sity of diffraction spots. Another derivative data set was therefore col-
lected, which was very similar to the first one and, although was less
pronounced, radiation damage was still a problem. A third derivative
data set was collected with a higher heavy-atom concentration to try 
to saturate the major site and perhaps introduce some minor sites. 
All derivative data sets were collected at room temperature with a
30 min exposure time and a 2° oscillation. An in-house R-axis II image
plate system was used for the data collections, with a Rigaku rotating
anode CuKa X-ray source operated at 50 kV and 180 mA. Integrated
intensities were obtained using the HKL-package [37] and further data
processing was done using programs from the CCP4-suite [38]. 
Structure determination
The conventional isomorphous replacement method was used to solve
the structure, as no sequence homology was found to other proteins at
the primary sequence level. Three ‘orange platinum’ data sets were
collected and processed individually without merging of data from dif-
ferent crystals. The isomorphous and anomalous difference Patterson
maps showed one major site with peak heights of 20s and 8s, respec-
tively. Heavy-atom parameters were refined with the CCP4 program
MLPHARE and phases were calculated to 2.2 Å resolution. The figure of
merit was 0.49 after 10 cycles of heavy-atom refinement. Parameters for
the Pt heavy-atom site are given in Table 2. Phases were improved using
the program DM [39], using solvent flattening with a solvent content of
54%, histogram matching, Sayre’s equation and phase extension to
2.0Å resolution. After 25 cycles of density modification, the figure of
merit had increased to 0.63. 
Model building and refinement
A SIRAS solvent flattened electron-density map was produced and
visualized within the program O [24]. A bones skeleton was con-
structed [40], manually modified and redefined until no more electron
density could be interpreted. Electron density corresponding to a histi-
dine was found close to the heavy-atom site. The actual histidine was
found to be His137, which became the starting point for tracing of the
protein molecule. The first 366 residues were fitted into the electron
density, but the remaining 56 residues in the C-terminal end could not
be located in the SIRAS map, probably due to extensive glycosylation.
The native data set was partitioned into two data sets, a working and a
test set, using reflections from 30–2.0Å resolution. The working set and
the test set comprised 30651 and 3399 reflections, respectively. The
test set was made by randomly selecting 10% of the total number of
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Table 2
Data set and phasing statistics.
Native Pt1 Pt2 Pt3
Resolution range (Å) 30.0–2.0 30.0–2.2 30.0–2.2 30.0–2.6
Resolution range
outermost shell (Å) 2.1–2.0 2.32–2.2 2.32–2.2 2.74–2.6
No. of unique 
reflections 34076 18916 19972 13910
Multiplicity 5.6 4.0 2.5 2.5
Completeness 
overall (%) 92.7 68.7 73.3 82.9
Completeness
outermost shell (%) 76.7 14.1 71.2 82.3
Overall I/σ(I) >2 (%) 88.4 86.5 92.3 88.6
Outermost shell 
I/σ(I) >2 (%) 76.7 66.5 84.3 71.8
Rmerge overall (%)* 6.1 7.2 5.9 13.7
Rmerge outermost (%)* 29.7 19.9 14.6 32.0
Heavy-atom 
concentration (mM)† 3 3 7
Soaking time (days) 4 3 3
Riso (%)‡ 17.0 18.0 28.2
Rcullis (%)§ 50 58 78
Phasing power#
centric 1.84 1.47 1.02
Phasing power#
acentric 2.55 2.48 1.41
Isomorphous 
occupancy (%)¶ 71.9 71.5 77.9
Anomalous occupancy (%)¶ 38.0 45.3 13.5
B factor (Å2)¶ 20.3 18.7 8.4
*Rmerge = Σhkl Σi |I(hkl)i – <I(hkl)> | / Σhkl Σi I(hkl)i, where i represents the
number of batches. †The heavy-atom concentration is the actual
concentration in the drop. ‡Riso = Σhkl || FPH | – | FP || / Σhkl | FPH |.
§Rcullis = Σhkl || FPH ± FP | – FH(calc) | / Σhkl | FPH – FP |. #Phasing power is
defined as: Σhkl FH / Σhkl | FPH(obs) – FPH(calc) |. ¶Isomorphous and
anomalous occupancies, and B factors (0.971 and 0.986, and 0.786)
correspond to the Pt-site found in each derivative data sets.
Figure 8
The mapping of the 2Fo–Fc electron density contoured at 1s is shown
for the potential catalytic site in RGase A. Water molecules are marked
with red crosses. The protein atoms are shown in red, blue and yellow
for oxygen, nitrogen and carbon atoms, respectively.
reflections. Data in the test set were kept out of all refinement proce-
dures to verify possible over-fitting through the indicator Rfree [41]. The
initial structure, including the first 366 residues, was refined in X-PLOR
[13], using all data from 10–2.0Å. A standard slow-cool protocol was
used for the refinement, followed by a restrained individual B factor opti-
mization. The missing residues in the C-terminal end were gradually built
into a 2Fo–Fc electron-density map, as the phases were improved after
a refinement cycle. Carbohydrate and solvent molecules were included
in the structure, if they appeared in both the 2Fo–Fc and Fo–Fc electron-
density maps, contoured at 1s and 3s, respectively. After the entire
protein molecule was traced and most of the carbohydrate groups were
included, a bulk solvent correction was performed using all data from
30–2.0Å resolution. Additional solvent molecules were included and
kept in the model if their B factors did not exceed 60Å2 after a refine-
ment cycle. The final refined model comprises the complete mature
enzyme 3101 protein atoms (422 residues), 298 carbohydrate atoms
and 171 solvent water molecules. The mean B factors for protein, car-
bohydrate and solvent atoms are 20.3Å2, 52.4 Å2 and 32.3Å2, respec-
tively. The rms deviations from ideality in bond lengths, angles and
dihedral angles are 0.009Å, 1.69° and 26.7°, respectively. The model
has good stereochemistry with no outliers in a Ramachandran plot, as
verified with the program PROCHECK [42]. A part of the final 2Fo–Fc
electron-density map, is shown in Figure 8. There is a slight increase in
the protein B factors at the C-terminal end. This seems to correlate with
the abundance of O-linked glycosylation sites, although the electron
density is as well resolved as in all other parts in the molecule. 
Accession numbers
The atomic coordinates and structure factors have been submitted
to the Brookhaven Protein Data Bank, with codes 1rmg and r1rmgsf,
respectively.
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